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Edited by Peter BrzezinskiAbstract Here we report the results of transient absorption and
photoacoustic calorimetry studies of CO photodissociation from
the heme domain of the bacterial oxygen sensor HemAT-Bs. The
results indicate that CO photolysis is accompanied by an overall
DH of 19 kcal mol1 and DV of +4 ml mol1 as well as a
red-shifted kinetic diﬀerence spectrum all occurring in <50 ns.
Analysis of the DH/DV reveals that a conformational change
takes place with a DHconf of 40 kcal mol1 and DVconf of
22 ml mol1. These thermodynamic changes are consistent
with an increase in the solvent accessible surface area of the pro-
tein upon ligand dissociation, as observed in the X-ray structure
of the ferric CN-bound and CN free forms of HemAT-Bs.
 2007 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Globin coupled sensors (GCS) represent a unique class of
oxygen sensing heme proteins found in both Archaea and Bac-
teria [1]. Unlike the more ubiquitous PAS domain sensors
found in Bacteria, Archaea and Eukaryotes, which contain
an a/b type fold with an anti-parallel b-barrel structure that
encapsulates the sensor element, GCS proteins contain an N-
terminal heme sensor domain reminiscent of a myoglobin
(Mb) type fold [1–4]. These proteins also contain a C-terminal
domain homologous to the cytoplasmic signaling domain of
various eukaryotic type chemoreceptors. The ﬁrst two mem-
bers discovered in the GCS class of sensor were HemAT-Hs
from the archaea Halobacterium salinarum and HemAT-Bs
from the gram positive prokaryote Bacillus subtilis [2]. Both
HemAT-Hs and HemAT-Bs share structural homology with
the globin family. Speciﬁcally, both proteins have conserved
His (F8), Pro (C2), and Phe (CD1) corresponding to amino
acids Pro56, His123, Phe69 (HemAT-Bs numbering). In addi-
tion, both proteins participate in aerotaxis responses in their
respective organisms. HemAT-Hs has been implicated in an
aerophobic response while HemAT-Bs is involved in an aero-
phylic response [2,5]. HemAT-Hs also undergoes methylation-
dependent adaptation via CheR methyltransferase.
A recent crystal structure of the HemAT-Bs heme domain
(HemAT-BsHD) revealed a Mb-like heme sensing domain*Corresponding author. Fax: +1 813 974 3203.
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of globins that is structurally distinct from PAS-domain heme
sensors [6]. The crystal structure also showed a dimer in the
asymmetric unit similar to the EcDosH [7]. Similar to the FixL
heme domains, structural diﬀerences between liganded and
unliganded forms was modest. The most signiﬁcant changes
were: rotation of the proximal His (His123) and displacement
of a distal Tyr residue (Tyr70). These results suggest that struc-
tural changes associated with the signaling event are quite
small or that larger transient conformational changes are not
detected by X-ray structures.
Like other heme oxygen sensors, conformational changes
associated with ligand binding/dissociation to heme sensing
moieties are thought to initiate signaling in the GCS. Thus,
characterizing those conformational changes is critically
important to understanding the signal transduction process.
We have utilized transient absorption spectroscopy and time-
resolved photoacoustic calorimetry (PAC) to examine the
thermodynamics and conformational dynamics following CO
photodissociation from Fe(2+)HemAT-BsHD.2. Materials and methods
2.1. Protein expression, isolation and puriﬁcation
The open reading frame corresponding to the N-terminal 180 amino
acid heme binding domain of HemAT (HemAT-BsHD) was ampliﬁed
from B. subtilis genomic DNA (ATCC 23857D-5). The primers
employed for PCR were 5 0ATGTTATTTAAAAAAGAC3 0 (forward)
and 5 0AAACGCTTCAAGGACAAGCAG3 0 (reverse). The resulting
PCR product was subsequently ampliﬁed and cloned into pDEST17
(Invitrogen) using Gateway technology (Invitrogen) according to the
manufacturer’s instructions. The primers used for ampliﬁcation were
5 0GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATCGAGG-
GACGAATGTTATTTAAAAAAGAC30 (forward) and 5 0CCCCA-
CCACTTTGTACAAGAAAGCTGGGTTTAAAACGCTTCAAGG-
ACAAGCAG30 (reverse). The resulting plasmid was named
pHemAT180 and contains an N-terminal six residue histidine tag.
The integrity of the HemAT open reading frame was veriﬁed by
sequencing in the Washington State University LBB1.
pHemAT180 was established in Escherichia coli strain BL21(DE3)
and was used to express the HemAT histidine-tagged N-terminal do-
main protein. This strain also contained pHPEX3 which expresses
the hemin transporter ChuA (a kind gift from Professor D.C. Good-
win (2004), Auburn University. Protein Expr. Purif. 35, 76–83). The
expression strain with two plasmids was maintained under dualampi-
cillin (pHemAT180) and chloramphenicol (pHPEX) selection. For pro-
tein expression, ‘‘Terriﬁc Broth’’ (Current Protocols in Molecular
Biology, Ausubel et al., Eds.) was inoculated to A560 = 0.05 and incu-
bated with shaking at 37 C until A560 increased to 0.6–0.8. Protein
expression was induced by addition of 0.5 mM IPTG and hemin was
added to a ﬁnal concentration of 50 lM. The temperature was reduced
to 25 C and incubation was continued for 15 h.ation of European Biochemical Societies.
Fig. 1. Equilibrium optical absorption spectra of the HemAT-BsHD:
as isolated (dotted line), deoxyHemAT-BsHD (dashed line) and
COHemAT-BsHD (solid line). HemAt-BsHD concentration:
10 lM in 50 mM sodium phosphate (pH 8.0) and 100 mM NaCl.
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trifugation and resuspended in lysis/wash buﬀer (50 mMNa phosphate
pH 8, 300 mM NaCl, 20 mM imidazole), lysed by two passages
through a French pressure cell operated at 12000 psi and cleared by
centrifugation. The dark red supernatant was then applied to a Ni2+-
NTA column (Qiagen) and the column was washed extensively with
buﬀer. Protein was eluted from the column with a 20–300 mM imidaz-
ole gradient in buﬀer. Protein fractions were pooled then concentrated
and exchanged into other buﬀers using a centrifugal concentrator
(Amicon Ultra). Protein purity was monitored by SDS–PAGE, MAL-
DI-TOF Mass Spectrometry (WSU LBB2) and UV–Vis spectroscopy.
2.2. Sample preparation
Samples for PAC were prepared by diluting HemAT-BsHD from an
150 lM stock into a buﬀer containing 50 mM sodium phosphate (pH
8.0) and 100 mM NaCl (the protein is predominantly in the homo-
dimeric state under these conditions). The deoxy form of the protein
was formed by placing the oxy form of HemAT-BsHD in a quartz
optical cuvette that was then sealed with a septum cap and purged with
Ar. Dithionite was added from a buﬀered stock solution to give a ﬁnal
concentration of 100 lM. The CO-bound form was obtained by
saturating solutions of the deoxy HemAT-BsHD with CO resulting
in a ﬁnal solution CO concentration of 1 mM (1 atm pressure). The
protein concentration for PAC samples was 75 lM while those
for transient absorption were 25 lM. The equilibrium binding of
CO to deoxy HemAT-BsHD was performed by titrating aliquots of
CO saturated buﬀer (1 mM) into a solution containing 10 lM deoxy
HemAT-BsHD. The change in absorption at 420 nm was monitored
and plotted versus [CO]. The Ka value for CO binding was obtained
using:
DA420 nm ¼ KaDe420 nm½HemAT-BsHD0½CO=ð1þ Ka½COÞ ðIÞ
where De420 nm is the change in molar extinction at 420 nm (obtained
from the ﬁt) and [HemAT-BsHD]0 is the initial concentration of deoxy
HemAT-BsHD. Equilibrium UV–Vis spectra were obtained using a
Shimadzu UV2401 spectrophotometer.
2.3. PAC methods
PAC measurements were performed (as described previously [8]) by
placing a 1 · 1 cm quartz cuvette containing 1.0 mL of a sample in a
temperature controlled sample holder (Quantum Northwest) housing
a Panametrics V103 transducer. Contact between the cuvette and the
detector was facilitated with a thin layer of vacuum grease. Photodis-
sociation of CO was achieved with a 532 nm laser pulse (Continuum
Minilite I frequency double Q-switched Nd:YAG laser, 6 ns pulse,
<80 lJ). The acoustic signal was ampliﬁed with an ultrasonic preamp
(Panametrics) and recorded using an NI 5102 Oscilloscope (15 MHz)
controlled by VirtualBench software (National Instrument). The
PAC data were analyzed using the multiple temperature method in
which sample and calorimetric reference acoustic traces are obtained
as a function of temperature. The ratio of the amplitudes of the sample
and reference acoustic signals (/) are then plotted versus Cpq/b accord-
ing to:
/Ehm ¼ Qþ DV conðCpq=bÞ ðIIÞ
where / is the ratio of the acoustic amplitudes for the sample and ref-
erence (i.e., / = {As/AR}) Q is the heat released to the solvent, b is the
coeﬃcient of thermal expansion of the solvent (K1), Cp is the heat
capacity (cal g1 K1), q is the density (g mL1) and DVcon represents
conformational/electrostriction contributions to the solution volume
change. A plot of /Ehm versus Cpq/b (varied by changing the solution
temperature) gives a straight line with a slope equal to DVcon and an
intercept equal to the released heat (Q). Subtracting Q from Ehm and
dividing by the quantum yield gives DH (i.e., DH = {EhmQ}/U) for
processes occurring faster than the time resolution of the instrument
(<20 ns). The Q/U values for subsequent kinetic processes represent
DH for that step (i.e., heat released). The value of U for CO photo-
lysis from the ferrous form of HemAt-BsHD has previously been
determined to be 0.90 ± 0.1 (Alam and Larsen, unpublished results).
2.4. Transient absorption methods
Transient absorption (TA) experiments were performed by monitor-
ing the change in intensity of light from a Xe arc lamp (Oriel) emerging
from the sample followed by passage through a 1/4 m single mono-chromator equipped with an Oriel R928 photo-multiplier tube. The
signal was ampliﬁed using a home-built pre-ampliﬁer (1 MHz band-
width) followed by a Stanford Instruments SR445A 350 MHz post
ampliﬁer. The signal was digitized using a Tektronix TDS7404
4 GHz digital oscilloscope. The sample was excited with the second
harmonic of a Continuum Leopard I Q-switched mode-locked
Nd:YAG laser (<20 ps, 20 mJ/pulse, 20 Hz). Signal traces are the aver-
age to 20 laser pulses.3. Results
The recombinant heme domain of HemAT-Bs displays an
optical spectrum with a Soret maximum at 410 nm and visi-
ble bands at 578 nm (a-band) and 538 nm (b-band) (Fig. 1).
Upon deoxygenation the Soret band shifts to 425 nm with a
broad visible band centered at 555 nm. Incubation of the
deoxy protein in the presence of CO results in a Soret band
at 418 nm and visible bands at 573 nm and 535 nm. These
spectral changes were utilized to determine the association
constant for the recombinant HemAT-BsHD (Fig. 2). Fitting
a plot of DA420 nm versus CO concentration to a single binding
equilibrium yielded a Ka value of (1.5 ± 0.5) · 106 M1 consis-
tent with previous studies of this construct (Alam and Larsen,
unpublished results) but is slightly lower than that determined
previously by Zhang et al. who reported a value of 6 · 106 M1
[9].
Photolysis of the CO bound HemAT-BsHD results in the
formation of a ﬁve coordinate high spin heme complex which
decays back to the pre-ﬂash CO bound complex with a pseudo
ﬁrst-order rate constant of 59 s1 (the corresponding second-
order rate constant is 5.9 · 104 M1 s1 with a solution CO
concentration of 1 mM). This value is close to that reported
by Zhang et al. (4.3 · 105 M1s1) suggesting that the diﬀer-
ence in Ka values for CO between Zhang et al. and the present
study is due to the values of koﬀ (0.07 s
1 vs. 0.04 s1 from
Zhang et al. and the present study, respectively) [9]. In addi-
tion, the kinetic optical diﬀerence spectrum obtained 4 ls
subsequent to photolysis displays a bathochromic shift relative
to the equilibrium optical diﬀerence spectrum suggesting an
un-relaxed heme pocket geometry subsequent to photolysis
(Fig. 3). Since the concentration of transient ﬁve coordinate
Fig. 2. Equilibrium CO binding titration for HemAT-BsHD. Absorbance changes were measured at 420 nm. Sample concentrations are those
described in Fig. 1. The solid line represents the ﬁt according to Eq. (I).
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must persist for milliseconds. From the temperature depen-
dence of the recombination rates the activation enthalpy and
entropy were found to be 6 kcal mol1 and 28 cal mol1
K1, respectively (Fig. 4). The PAC results, which can probe
molar volume/enthalpy changes over a time scale from
20 ns to 20 ls [8], reveals a DH of 19 ± 5 kcal mol1
and DV of +4 ± 1 ml mol1 occurring in <20 ns subsequent
to CO photolysis (Fig. 5). No additional kinetic events were
observed within the PAC time scale.4. Discussion
The asymmetry of monomer units observed in the X-ray
crystal structure of the CN bound and free forms of Fe2+
HemAT-BsHD provided the basis for an initial signaling
mechanism [6]. The X-ray structure reveals that the conforma-
tion of one monomer within the asymmetric dimer contains
a Tyr70 located within the distal heme pocket and within
H-bonding distance to the heme bound ligand while in the
other monomer Tyr70 is rotated 100 out of the distal pock-
et. This is accompanied by a 14 rotation of the F helix which
also aﬀects the orientation of the proximal histidine (His123).
It has been further suggested that the presence of two confor-
mations within the homodimer accounts for the observed high
and low aﬃnity binding sites for O2 and biphasic O2 recombi-
nation kinetics with the high aﬃnity site (faster rebinding
phase) that in which Tyr70 is located within the distal pocket
and the low aﬃnity site (slower rebinding phase) that with
the solvent exposed Tyr70 [9]. In contrast, CO rebinding, sub-
sequent to photolysis, exhibits monophasic kinetics suggesting
that Tyr70 does not signiﬁcantly inﬂuence the stability of the
Fe2+–CO complex.
More recent resonance Raman results have also been used to
construct models for both O2 and CO binding to the heme do-
main of HemAT-Bs that involve H-bond formation betweenthe bound ligand and Thr95 [10–12]. The resonance Raman
data indicate multiple conformations in the O2 bound form
of the protein as evident by multiple Fe2+–O2 bending modes
in the wild-type sensor domain (554 cm1, 566 cm1 and
572 cm1). These were assigned to two ‘open’ conformations
(566 cm1 and 572 cm1 bands) which are responsible for the
lower oxygen aﬃnity (higher O2 oﬀ-rates) and a ‘closed’ con-
formation (554 cm1 band) with a higher O2 aﬃnity. In the
Thr95A mutant only one Fe2+–O2 bending mode is observed
at 569 cm1. Examination of the X-ray structure for the deoxy
form of the protein reveals that the distance between the Thr95
hydroxy group and the heme iron is 7.2 A˚ and this residue
must move 4 A˚ to move within the 3 A˚ required for an
H-bond with the bound ligand. Thus, in the case of O2 bind-
ing, in which H-bonding occurs between Thr95 and the bound
oxygen molecule, a signiﬁcant conformational change must
take place that relocates the Thr95 residue.
In contrast, resonance Raman results indicate that CO bind-
ing does not result in H-bonding between Thr95 and the bound
CO since no shifts were observed in the Fe2+–CO bending
mode in the Thr95Ala mutant. However, FTIR results by
Pinakoulaki et al. [13] suggest that the CO bound form of
the sensor domain contains both non-H-bonded and strongly
H-bonded conformers (as determined from mC–O) in both
wild-type and Thr95Ala mutants. However, mutation of
Tyr70 to Phe perturbs the non-H-bonded mC–O (shifts from
1967 cm1 to 1962 cm1) and produces a moderately H-
bonded conformation (mC–O  1931 cm1). In a second FTIR
study Pinakoulaki et al. [14] proposed a second CO binding
site on the proximal side of the heme group near Tyr133 giving
rise to a mC–O  2069 cm1. Photolysis results in a slight in-
crease in intensity of this mode indicating an increase in site
occupancy. It was proposed that this site can serve as a confor-
mational gate for ligand access to the heme.
The transient diﬀerence spectrum as well the PAC results
indicate that photodissociation of CO results in a non-equilib-
rium heme environment subsequent to photolysis and that no
Fig. 3. Top panel; Single wavelength transient absorption trace for CO rebinding to HemAT-BsHD. Bottom panel; Overlay of the kinetic (squares,
obtained 4 ms subsequent to photolysis) and equilibrium (solid line) diﬀerence spectra (deoxyHemAT-BsHD minus COHemAT-BsHD). Solution
conditions are as described in Fig. 1.
Fig. 4. Eyring plot for CO recombination to deoxy HemAT-BsHD.
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20 ls. In addition, the fact that the decay of the ﬁve coordi-nate heme is monophasic further indicates that the non-equi-
librium heme pocket persists on the ms time scale.
Formation of the non-equilibrium ﬁve coordinate conforma-
tion also gives rise to enthalpy and molar volume changes of
19 ± 5 kcal mol1 and DV of +4 ± 1 ml mol1, respectively,
as described in Section 3. The observed volume/enthalpy
changes may have contributions from photocleavage events
localized at the heme (DVheme/DHheme), H-bond changes in
the distal heme pocket (as described above) (DVdistal/DHdistal),
ligand migration to non-heme binding pockets (DVNHBP/
DHNHBP) and/or more global conformational changes in the
heme sensing domain (DVconf/DHconf) as follows:
DV obs ¼ DV heme þ DV distal þ DV NHBP þ DV conf ðIIIaÞ
DHobs ¼ DHheme þ DHdistal þ DHNHBP þ DH conf ðIIIbÞ
Upon photolysis of the HemAT-BsHD the Fe2+CO bond is
cleaved (DHFeC  15 kcal mol1) and the heme iron undergoes
a change in spin state (from low-spin to high spin, DHLS-HS 
<1 kcal mol1) giving an DHheme  15 kcal mol1 [8]. In addi-
tion, if CO diﬀuses out of the heme pocket and into the bulk
solvent on this time scale an additional DHCO-Solv 
Fig. 5. Top: Overlay of photoacoustic traces for CO-HemAT-BsHD (solid line) and the Fe3+ tetrakis-(4-sulphonatophenyl)porphyrin calorimetric
reference (dotted line). The absence of any frequency shifts between sample and reference acoustic signals indicates all of the observed volume/
enthalpy changes occur in <20 ns. bottom: Plot of /Ehm vs. (Cpq/b) which gives a intercept equal to the heat, Q, returned to the solvent giving
DH = (EhmQ)/U (kcal mol1) and DV = slope/U (ml mol1).
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order of 20 kcal mol1. The DHdistal contribution would
likely arise from H-bond interactions between the bound CO
and distal pocket residues as observed in the FTIR studies
described above. The similarity in vibrational frequencies
between the COMb and COHemAT-BsHD indicates similar
H-bond strengths which, for COMb, occur between the bound
CO and a distal His residue [15,16]. The H-bond energy be-
tween CO and the imidazole ring of His64 in COMb has been
calculated to be 5 kcal mol1 making DHdistal roughly this
value (i.e., for a single CO–H bond). The DHNHBP term is more
diﬃcult to estimate since it is not clear to what extent the non-
heme binding pocket in HemAT-BsHD is occupied at room
temperature and within 20 ls subsequent to photolysis.
Assuming similar extinction coeﬃcients for the CO stretch of
the heme bound CO and the CO bound in the non-heme bind-
ing pocket proposed by Pinakoulaki et al. [14] the non-heme
binding site represents roughly 2% of the total protein bound
CO. Upon steady-state photolysis this population increases
by 1.5 % which would not be detectable by PAC. The low
occupancy of this site subsequent to photolysis suggests thata majority of the photodissociated CO leaves the heme pocket
on a 20 ls time scale. Thus, the DHNHBP term is likely to be
negligible (i.e., outside of the PAC detection range). Using the
relation DHobs = 25 kcal mol
1 + DHconf allows for the estima-
tion of DHconf. The fact that the observed enthalpy is
19 kcal mol1 indicates an additional exothermic process of
 44 kcal mol1 is taking place in <20 ns, which must be
due to a more global conformational change within the heme
domain and/or distal residue–ligand interactions. These results
are summarized in Fig. 6 in which the top panel provides the
overall thermodynamic proﬁle for CO photodissociation and
the bottom panel displays the thermodynamics for the pro-
posed conformational change.
Similar arguments can be made for the molar volume
changes in which the estimated changes are: DVheme =
DVFeC + DVLS-HS = 5 ml mol1 + 10 ml mol1 and for CO
diﬀusing from the heme pocket into the solvent: DVCO-Solv 
11 ml mol1 giving a total DVheme  +26 ml mol1 [6]. Once
again, based upon a low occupancy for the non-heme binding
site the DVNHBP is assumed to be negligible. The contribution
of DVdistal to DVobs is also diﬃcult to estimate. As an upper
Fig. 6. Thermodynamic proﬁles for the Fe(2+)HemAT-BsHD photo-
dissociation (top) and the associated conformational change (bottom)
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age since typical bond cleavage processes have a DV of
5 ml mol1. However, since the H-bonding is located in the
distal heme pocket rather than exposed to the solvent the ac-
tual contribution is likely to be much smaller than this value.
With this in mind DVobs = 26 ml mol
1 + DVconf and since
DVobs = 4 ml mol
1, DVconf is estimated to be 22 ml mol1.
The DVconf/DHconf terms could arise from (1) a change in
overall charge distribution on the protein (i.e., change in net
protein dipole leading to solvent reorganization), (2) formation
of one or more salt–bridge interactions (the release of electro-
stricted water molecules upon salt–bridge formation results in
volume increases) and/or (3) increases in the solvent accessible
van der Waals volume of the protein upon photolysis. Exam-
ination of the crystal structures for the Fe(3+)HemAT-BsHD
and CN–Fe(3+)HemAT-BsHD reveals that ligand binding re-
sults in a change in the solvent accessible surface (SAS) of
1282 A˚3 (772 ml mol1 per dimer) (i.e., the unliganded pro-
tein has a larger SAS than that of the CN-bound protein)
which is 1.8% of the total SAS of the dimer. Changes in solva-
tion associated with the change in SAS could account for the
observed volume/enthalpy changes provided a similar change
in SAS occurs in the COFe(2+)HemAT-BsHD to Fe(2+)He-
mAT-BsHD since surface residues are likely to experience sig-
niﬁcant changes in solvent exposure subsequent to the change
in SAS.The photothermal results further demonstrate clear diﬀer-
ences in the dynamics of CO release from either horse heart
Mb or the heme domain of FixL. In the case of FixLH from
B. japonicum photolysis of CO results in an endothermic
(+12 kcal mol1), relatively small contraction (1 ml mol1)
occurring in <20 ns that is followed by a second relaxation
with s  150 ns and DH/DV of 5 kcal mol1/+5 ml mol1
[17]. The fast phase dynamics were attributed to solvent per-
turbations arising from possible salt bridge reorganization
(Glu182-Arg227) subsequent to ligand release while the slow
phase was attributed to ligand escape to the solvent. In the case
of horse heart Mb, two thermodynamic phases are also ob-
served upon photolysis with a small endothermic contraction
(7 kcal mol1/3 ml mol1) occurring in <20 ns (similar to Bj
FixLH) which has been suggested to arise from solvation of
charge formed by disruption of a salt bridge between one of
the heme propionate groups and Lys45 (Arg45 in sperm whale
Mb) [18–20]. A corresponding slow phase with s  600 ns and
DH/DV of 8 kcal mol1/+14 ml mol1 is also observed that has
been partly attributed to the salt bridge reformation.
The extent to which conformational diﬀerences between liga-
tion states participate in signal transduction is unclear. This is
due to the fact that, to date, only oxygen activity of HemATs
in whole cells (either Halobacter salinarum or B. subtillis) have
been examined due to the fact that an assay for signaling activ-
ity in vitro has not been developed. Thus, the extent to which
diﬀerences between the various H-bond networks involving
CO and O2 actually contribute to the signaling initiation/prop-
agation is unclear. Both changes in heme conformation as well
as perturbations to the distal H-bonding sites upon ligand
binding are likely to contribute to signal initiation/propaga-
tion.
In summary, both transient absorption and PAC reveal a
fast conformational transition associated with ligand release
from HemAT-BsHD. A conformational transition results in
a non-equilibrium deoxy form of the protein that persists dur-
ing the ligand rebinding phase. The thermodynamics of this
transition are quite distinct from the PAS domain BjFixL
heme domain suggesting quite diﬀerent signaling mechanisms
between the GCS and PAS domain sensors.
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